This work investigates the production of activated lignin-chitosan extruded (ALiCE) pellets 13 with controlled particle size distribution (almost spherical: dp ~500-1000µm) for efficient 14 methylene blue adsorption. The novel preparation method employed in this study successfully 15 
Introduction 1
The elimination of organic dyes from rivers and streams is a key environmental challenge [1] . 2 Adsorption processes offer a mechanism for the removal and recovery of metals, dyes, oils, 3 organic mixtures and pharmaceuticals from water [2, 3] . The advantages of liquid phase 4 adsorption include: low cost, simplicity of design and operation [4] , absence of sludge and 5 harmful by-product formation. This has been acknowledged by the United States 6 Environmental Protection Agency (USEPA) by classifying adsorption as one of the top control 7 methods [5] . Adsorption rates and adsorption quantities are two of the most significant 8 performance indices of any adsorption system. Hence, it is essential to design and prepare 9 efficient adsorbents which are able to remove large amount of pollutants quickly using small 10 amounts of adsorbent. Various adsorbent materials have been tested for the effective removal 11 of dye such as methylene blue (MB) include spent olive stone [6] and raw dolomite [2] . Table  12 1 provides a comparison of the adsorption capacities of various adsorbents for the removal of 13 MB dye [7] [8] [9] [10] [11] . Methylene blue has been explored in various medical applications including 14 antimicrobial chemotherapy, biomedical dyes for cell staining, phototherapy and cancer 15 research. Compared to other toxic materials and dyes, MB is not a particularly hazardous 16 compound, though, large doses of MB (>7.0 mg/kg) can cause high blood pressure, mental 17 disorder, nausea, abdominal pain, etc. [12] . Also, MB can be freely photo-sensibilized by white 18 was computed. Finally, it is worth mentioning that after adsorption-desorption process, the 1 adsorbent pellets remained intact. 2
Theory of adsorption, isotherms and kinetics 3
Methylene blue uptake, q (mg/g), and percentage of removal (%) were obtained according to 4 Eq. (1) where Co is the initial and Ce is the equilibrium concentration of methylene blue (MB) in mg/ 8 dm 3 , M is the amount of adsorbent in grams and V is the volume of the MB solution in dm 3 . 9
The Lagergren's pseudo-first and second-order [14, 15] 
where k1 (1/min) and k2 (g/mg min) are the pseudo-first-order and the pseudo-second-order rate 15 constants, respectively. kid is the intraparticle diffusion rate constant (mg/(g min 1/2 )) and C the 16 intercept related to the boundary layer effect. The adsorption initial rates were calculated from 17 pseudo-first and second-order models by using the equations: 18
The isotherm adsorption data was represented by a number of isotherm equations namely: 1 The adsorption removal capacity depends on the adsorbent surface properties and adsorbate 17 structure which are greatly affected by pH. The measurements of zeta potential and influence 18 of the pH solution value on adsorption of the MB was investigated and the results are illustrated 19 in Figure 1 . At natural pH, the zeta potential measured for ALiCE adsorbent is approx. -20mV. 20
This value indicates that ALiCE surface is negatively charged. Starting from the ALiCE natural 21 pH, altering the pH of MB solutions indicates the difference of the zeta potential against the 22 pH of the aqueous phase in the range 2-9. The MB removal efficiency increases slightly with 23 an increase with the pH value from 2 to 4, and then the efficiency to some extent rises when 24 the pH elevated from 4 to 7. The maximum adsorption percentage removal was 87.69% at pH7. Additional increase in the pH beyond 7 consequences in a small reduction in the removal 1 effectiveness. At high pH values, the presence of high concentrations of OH-ions increases the 2 negative charge on the ALiCE surface by deprotonating the positively charged sites. These 3 phenomena are attributed to the value of the measured zeta potential. The negative charge value 4 was sharply enhanced when the initial solution pH was increased from 5 to 7. At pH values > 5 7, the ALiCE surface has more anionic charges, and the surface would participate in cation 6 attraction and cation exchange reactions. Thus, the barrier to dye molecules diffusion decreases 7 and results in a high adsorption capacity due to the significantly high electrostatic attraction 8 which occurs between the positive dye molecules and the negatively charged ALiCE surface. 9
Finally, at low pH, while the ALiCE less negative surface does not favour the adsorption 10 process as a result of the electrostatic repulsion, a substantial amount of dye adsorption onto 11
ALiCE still takes place at low pH values. This indicates that other mechanisms other than 12 electrostatic attraction are operative for the MB adsorption onto ALiCE. The effect of ionic 
Effect of contact time and initial concentration 23
The effect of exposure time on the performance of ALiCE in adsorbing MB was investigated 24 at different concentrations, 10.15 to 82.01 mg/dm 3 . As shown in Figure 2 , the MB adsorption 25 uptake values increased from 4.60 to 27.90mg/g, due to the increase in the driving force from 1 the concentration gradient. The adsorption process was fast in the initial phase ~150min and 2 the adsorption capacities increased quickly. Subsequently the adsorption of MB sustained at a 3 slower rate until the adsorption rate attained a constant value at its maximum level after approx. 4 40h of reaction; maximum levels were found for all concentrations as shown in Figure 2 . 5
The fast initial adsorption rates are attributed to the high number of accessible free functional 6 groups e.g. -OH and -NH2 on the surface of the ALiCE adsorbent at the start of the adsorption 7 process and less steric hindrance for the approaching dye molecules. The slow adsorption 8 process is a result of the reduction in the available adsorption positions and the build-up of MB 9 molecules on the surface of the ALiCE adsorbent; this hinders the diffusion of more MB 10 molecules into the ALiCE pores. Slow diffusion rates are related to pores which are of a similar 11 size to the diffusing molecules [25] . Furthermore, in order to demonstrate how near the 12 processes at any time are to equilibrium, the values of the fractional uptake f (qt/qe) were plotted 13 against time t ( Figure 2B ). Figure 2B illustrates that the fractional uptakes f decrease and the 14 time necessary to achieve equilibrium increases with increased initial MB concentrations. 15
Kinetic modelling 16
The kinetic results were fit to Eqs. (3) and (4) using SigmaPlot 11.0 nonlinear regression 17 software; the fitting results and the values of the calculated constants are shown in Figure 2A  18 and Table 2 , respectively. 19
It was found that k1 and k2 of the pseudo-first and second-order rate constants decrease with an 20 increase in the MB concentration (Co) values. This is attributed to competition between higher 21 levels of MB molecules for the adsorbent active sites. The tendency that k1 declines with 22
increasing Co suggests that it is quicker for a system with a lower Co to attain a definite 23 fractional uptake. This phenomenon is supported by the trends in plots in Figure 2B . From 24 Figure 2A , the first-order equation of Lagergren has described the kinetic data over the earlystage of the adsorption processes only, especially at high MB concentrations but not over the 1 enter contact time. Conversely, kinetics of the adsorption of MB onto ALiCE best fit the 2 pseudo-second-order model for the whole contact time range with correlation coefficient, R 2 , 3 values close to unity and agreeing well with calculated adsorption capacities, qe, with the 4 experimental data qexp. This indicates that the adsorption mechanism depends on the adsorbent 5 and adsorbate, and the chemisorption is the rate-controlling step containing valence forces 6 through the exchange/sharing of electrons . The calculated values of h0,1, h0,2 as well as the rate 7 constant of external mass transfer, ks, at the start of adsorption (determined from the plots of 8
Ct/Co against time at various Co values (plots are not shown here)) are revealed in Figure 3 . 9
The overall trend observed in Figure 3 is a decline in the initial rates of adsorption with increase 10 in the initial MB concentrations. The decrease of ks with increasing Co was previously reported 11 for dye adsorption and as before is attributed to the MB dye molecules competing for accessible 12 surface area. This competition appears to have more impact on the adsorption initial rates than 13 the increasing driving force caused by higher dye concentration. Also, it was observed that the 14 estimation of the adsorption initial rate by ks is more consistent than h0,1 and h0,2. This is due to 15 (i) ks is calculated without any hypothetical assumptions regarding the adsorption mechanism: 16 it is obtained directly from the temporal change of Ct/Co; (ii) ks is accurately calculated at t = 17 0, from fitting Ct/Co values for a short time at the start of adsorption, whereas h0,1 and h0,2 are 18 calculated from estimates of qe and k throughout the entire adsorption period. 19
Diffusion parameters 20
The entire process of adsorption can be divided into four major steps: (i) dye molecules travel 21 from the bulk solution to the adsorbent surface by bulk diffusion. The transport of dye 22 molecules through the boundary occurs due to random molecular motion of individual 23 molecules [26]; (ii) film diffusion; (iii) intra-particle or pore diffusion of the dye (iv) chemical 24 reaction or complex formation [27] . The plots of the intraparticle diffusion (Eq. 5) displaymulti-linearity, demonstrating three stages which are taking place, related to steps (ii), (iii) and 1 (iv) ( Figure 4A ). Stage (i) occurs too quickly to be observed. The time needed for the second 2 step is typically related to the changes in the system (i.e. temperature, adsorbent particle size 3 and solute concentration, and), which make it complicated for prediction or control [28] . The 4 calculated kid values are presented in Table 3 . where D1 is the film diffusion and r is the radius of the ALiCE particle. 10
For longer times, the relationship between weight uptake and diffusion can be described by the 11 approximated Boyd model [31] : found when the rate is governed by film diffusion whereas the diffusion coefficients are in the 3 order of 10 −11 to 10 −13 when the rate is controlled by pore diffusion [33] . Based on the diffusion 4 coefficients magnitudes in Table 3 , both film and intraparticle (pore) processes are initially 5 involved in the MB adsorption process and that pore diffusion is the sole controlling process 6 over longer periods. 7
Equilibrium isotherms 8
The equilibrium data was tested by Langmuir, Freundlich, Redlich−Peterson and Sips 9 isotherms and the plots are illustrated in Figure 5A . The isotherms constants are shown in 10 Table 4 . As can be observed from Figure 5A and Table 4 , apart from the Freundlich isotherm 11 equilibrium, the equilibrium data fitted well to all isotherm models with a correlating constant 12 The surface area of the ALiCE by MB adsorption was 88.69m 2 /g. This value is close to that 4 obtained by the BET method (80.77m 2 /g). The slightly higher surface area accessed using the 5 MB adsorption method is attributed to the MB aggregation and the instrumental theory of a 6 cylindrical pore volumes which is not necessarily the case [34] . 7
Desorption studies 8
The MB-loaded-ALiCE was eluted using HCl, deionized water and NaOH, and the amount of 9 MB desorbed (%desorption) was determined using the following relationship: 10
where Cdes is the concentration of dye in desorbed and Cads (mg/dm 3 ) is the concentration at 12 adsorbed phases. 13
The amount of MB desorbed was relatively low with the maximum MB desorbed percentage 14 was 13.4% and it was obtained for strong acidic conditions (0.1M HCl). For higher pH values 15 (NaOH) and deionized water, the desorption was very low and limited to 4-7%. The low 16 desorption of MB by an acidic medium shows that the MB molecules were mainly adsorbed 17 onto the ALiCE through strong chemisorption mechanisms. The results indicate that the 18 regeneration of ALiCE by using acid or alkaline solutions is not feasible. However, the reduced 19 colour leachability from the dye-loaded ALiCE is a good property bearing in mind the disposal 20 in landfill or reuse for other purposes for instance: in polymeric composites or incorporation in 21 construction materials. 22
3.8.Adsorption mechanisms: FT-IR and SEM 1
The FT-IR spectra in Figure 6 shows structural changes in the ALiCE adsorbents after MB 2 adsorption, confirmed by the changes of functional group bands due to the dye adsorption. The 3 absorption peak around 3435 1/cm is due to stretching of phenolic and aliphatic -OH and -N 4 H groups. The peaks at 2918 and 2850 1/cm correspond to C-H and -CH2-stretching modes. 5
The peak at 1626 1/cm is due to bending of -NH in primary amine group. Symmetric bending 6 of -O-CH3 is detected at 1458 1/cm. The peaks around 1200 1/cm are assigned to C-O-C 7 stretching in α-O-4 and β-O-4 linkages of alkali lignin [35] . The peak at 671 1/cm is attributable 8 to the out-of-plane bending of the O-H group. The changes in ALiCE surface characteristics 9
i.e. change in all peak heights and shifts of functional group bands after MB loading indicate 10 that groups for example hydroxyl and amine groups are involved in the adsorption process as 11
expected. The SEM images demonstrated noteworthy changes in surface topography between 12 the raw extruded lignin-chitosan blends, the activated extrudates and MB-loaded ALiCE. This 13 deviation in the surface morphology is due to the activation process which has changed the 14 quantities of available functionalities and their interactions. The development of chitosan 15 agglomerates on the lignin surface before activation is obvious at the surface of the blends. 16 This is due to the interactions between β-1,4-glycosidic linkage, amide and hydroxyl groups of 17 chitosan, and ether, aromatic ring and hydroxyl groups of alkali lignin. After activation, the 18 ALiCE surface was flattened with large, irregular intercellular spaces and well-defined edges . 19 This indicates that the lignin-chitosan blended structure was rearranged during and after the 20 activation. The SEM image of the MB-loaded-ALiCE showed that the edges and intercellular 21 spaces of the microstructure disappeared after the MB adsorption and the structure is more 22 relaxed with a paste like texture. The EDX chemical analysis of the ALiCE indicated that the 23 unloaded ALiCE contained approx. 3.5% S and 5.7% Na. The EDX of the MB-loaded ALiCE 24
showed the non-appearance of Na and that no apparent changes in elemental composition tookrelaxation could be due to stripping of alkaline elements such as Na which is present in trace 1 quantities originating mainly from alkali lignin. The FT-IR and SEM analysis confirm that the 2 dye adsorption occurs possibly through electrostatic attractions/surface exchanges until the 3 functional sites are completely unavailable; subsequently, MB molecules diffuse into ALiCE 4 particles for more interactions possibly hydrophobic interactions and hydrogen bonding. 5
Concluding remarks 6
A new method involving extrusion and thermal activation was successfully employed in the 7 production of activated lignin-chitosan extruded (ALiCE) pellets. The ALiCE materials were 8 synthesized, structurally characterized, and used in selective cationic dye (methylene blue 9 (MB)) adsorption. The chemisorption dye adsorption mechanisms were revealed and it was 10 concluded that electrostatic attractions and chemical interactions were observed between amino 11 and hydroxyl groups of the ALiCE adsorbent and amine groups of the dye. Using the Langmuir 12 isotherm a maximum adsorption capacity of 36.25mg/g is calculated. The FTIR, electron 13 microscopy and desorption studies confirmed that strong chemical bonds occurred between the 14 MB molecules and the functional groups on the ALiCE. 15
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